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Abstract
In light of the results from the B factories, which clearly show that the Cabibbo-Kobayashi-
Maskawa mechanism is the dominant source of the observed CP violation in K and B physics, only
small deviations due to sources of CP violation beyond the Standard Model are likely. Therefore,
in the quest for New Physics, null tests of the Standard Model become increasingly important.
Motivated by these considerations, we describe a number of approximate null tests of the Standard
Model. These tests provide several theoretically clean approaches to searching for new physics in
the B system. We find that in many cases, the requisite sensitivity can only be achieved with an
International Super B Factory, with luminosity around 1036cm−2s−1.
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I. INTRODUCTION
TheB factories, BaBar [1] and Belle [2], have helped us attain an important milestone in Particle
Physics with respect to our understanding of CP violation phenomena: measurements of the angles
(φ1, φ2, φ3/α, β, γ) and sides of the Unitarity Triangle are in very good agreement [3, 4, 5] with
the expectations from the Standard Model (SM) – the CKM [6] paradigm. Therefore, effects of
the Beyond Standard Model (BSM) CP -odd phase(s) are likely to be a perturbation. In fact the
SM itself teaches us an important lesson in this regard. Recall that we know now that the SM
CKM phase is O (1) and yet it causes large CP -odd effects only in B physics. In top physics the
SM CP violation effects are completely negligible [7, 8]. In charm physics they are also expected
to be very small [9]. In K decays the observed CP asymmetries are ǫK ≈ 10−3 and ǫ′ ≈ 10−5,
both extremely small [10]. So, while compelling theoretical rationale dictates the existence of BSM
CP -odd phase(s), even if such a phase is O (1), its effect on B physics need not be large. In fact,
given the already existing constraints, such effects are likely to be small. Indeed there is no reason
to suggest that they may not be as small as ǫK ≈ 10−3. It is therefore very important that we
sharpen our ability to search for small deviations.
To facilitate such searches we need:
1. Clean predictions from theory.
2. Precise experimental measurements requiring large numbers of B mesons.
Null tests of the SM, i.e. asymmetries that are forbidden or expected to be small can be
particularly useful in searching for small deviations. The construction of strict null tests is in line
with item 1) above. Since CP is not a symmetry of the SM, we cannot have exact null tests
but rather we must settle for approximate null tests (ANTs). One such null test that has been
much discussed recently (and is also considered below) involves comparing the time-dependent CP
asymmetry in penguin-dominated modes such as Bd → φKS , η′KS , etc., with the Standard Model
reference Bd → J/ψKS . A rough theoretical expectation for this ANT is that [11, 12, 13]:
|∆S| = |Spenguin − SψKS | <∼ O
(
λ2
)
≈ 5%. (1.1)
Experimentally this expectation seems to be off by about 2σ [5], while recent theoretical treat-
ments, discussed in the next section, have reduced the theory error of this ANT for some specific
modes. While more precise results are keenly anticipated, it is also clearly important to search
for corroborative evidence. This motivates us to develop additional null tests that are as strict as
possible. As will be shown, there are several ANTs with much smaller theoretical uncertainties
than ∆S.
In fact, B physics offers a plethora of ANTs. Here we do not discuss them all in detail, but
instead focus attention on a selection of examples. For these, we review the phenomenology, and
consider the experimental possibilities available. In many cases, we find that precise tests of the
SM can only be achieved from a high luminosity e+e− machine. Thus a concerted world wide effort
for an International Super B Factory with luminosity >∼ 1036cm−2s−1 is highly desirable.
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II. SOME EXAMPLES OF NULL TESTS
A. Time-dependent CP asymmetry in penguin-dominated modes
As mentioned above, this test has been much in the news in the last few years as there seems
to be an apparent ≈ 2σ deviation from the SM. Prior to summer 2006, most of the effect seemed
to originate from BaBar’s measurement of the S parameter (the time-dependent CP asymmetry)
in B0 → η′K0 [14], which gave −ηCPSη′K0 = 0.36 ± 0.13 ± 0.03, to be compared to the Belle
measurement (at the same time) of 0.62± 0.12± 0.04 [15], and an average of 0.50± 0.09. [The first
error is statistical and the second is systematic. The parameter ηCP gives the CP eigenvalue of the
final state, which is −1 for η′KS and +1 for η′KL.] New results were presented at ICHEP 2006, and
more recently, giving (BaBar) 0.58±0.10±0.03 [16] and (Belle) 0.64±0.10±0.04 [17], with an average
of 0.61±0.07. These results have to be compared with an average −ηCPSJ/ψK0 = 0.675±0.026 [5].
The latest results considerably reduce the discrepancy in the η′K0 mode. Nonetheless, there remains
an clear trend, in that all measurements of time-dependent CP asymmetries in penguin-dominated
modes yield central values below the value from J/ψK0.
When this class of null tests were first proposed [11, 12, 13] it was estimated that ∆S <∼ O(λ2) ≈
5%. In view of the possible experimental hint of a deviation, several theoretical approaches have
recently been used to to re-examine this expectation. In particular, effects of final state interactions
were completely ignored in the original estimates. In view of the experimental observations of large
direct CP in K+π− [18] and several other modes [5], it is clear that final state interaction (FSI)
effects in exclusive B decays can be sizeable [19]. Therefore, their influence on the S parameters
of the penguin-dominated modes of interest was systematically investigated [20, 21]. It seems that
η′K0, φK0 and KSKSK
0 [22] are the cleanest channels in this approach. Table I compares the
results for ∆S from some of the theoretical studies [20, 21, 23, 24, 25]. While three of the studies in
the table use QCDF [26], it is interesting to note that the first application of soft collinear effective
theory (SCET) [27] to the calculation of ∆S has been made [25], though it is only, for now, for
η′K0.
In addition to the calculations discussed above, bounds on the possible deviation in the Standard
Model have been obtained using flavour SU(3) symmetry [28, 29]. These bounds correlate the values
of ∆S with the size of the direct CP violation parameters in each channel. Since these bounds rely
on measurements of channels involving the flavour SU(3) partners of the final states of interest,
they tend to be less constraining than the explicit calculations. However, they can be improved
with additional data.
In passing, we also want to mention [20, 30] that although the sign of the central value of ∆S
found in several theoretical models for many of the modes of interest (see Table I) tends to be
opposite to that found experimentally, the theory errors are sufficiently large that this by itself is
not a reliable sign of NP. Besides, in the recent SCET based calculation [25] it was found that for
the η′K0 case the sign of ∆S is different from the three model calculations in Table I and in fact
is the same as seen experimentally [31].
In order to consider how much data is necessary to probe this null test, we need to assess
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TABLE I: Some expectations for ∆S in the cleanest modes.
Mode QCDF+FSI [20, 21] QCDF [23] QCDF [24] SCET [25]
η′K0 0.00+0.00
−0.04 0.01 ± 0.01 0.01 ± 0.02 −0.019 ± 0.009
−0.010 ± 0.001
φK0 0.03+0.01−0.04 0.02 ± 0.01 0.02 ± 0.01
KSKSK
0 0.02+0.00
−0.04
the theoretical uncertainty in the predictions. In each of the modes listed in Table I the typical
uncertainty is about 0.02. However, as mentioned above, there is some spread between predictions
coming from different models, and there are also uncertainties in the calculations themselves, so
that this value may be too aggressive at the present time. Hopefully, improved understanding of the
B decay dynamics will lead to more precise predictions in future. However, it is clear that values
of |∆S| > 0.10 are extremely difficult to reconcile with the SM CKM paradigm, underpinning the
original predictions [11, 12, 13]. Note, however, that this is not necessarily true in some other
hadronic decay channels being used to study the b→ s penguin transition (such as ρ0K0, ωK0 and
ηK0) [20, 21, 25].
The above discussion notwithstanding, let us consider how much data will be necessary to reach
a precision of 0.02. In order to do so, we can simply extrapolate from the existing measurements.
The average values have uncertainties of 0.07 (η′K0), 0.18 (φK0) and 0.21 (KSKSK
0) [5]. These
come from about 900 million BB¯ pairs (535 million from Belle and 347 million (384 million for
η′K0) from BaBar). It is worthwhile to note that the BaBar result on φK0 is extracted from a
time-dependent Dalitz plot analysis of B0 → K+K−K0 [32], which provides additional sensitivity.
To reach the level of the theory uncertainty, one would need over 1010 BB¯ pairs for η′K0, and about
5×1010 BB¯ pairs for φK0 and KSKSK0. One may consider the potential of a hadronic machine to
address these modes. At present, it appears that φKS is difficult, but not impossible to trigger and
reconstruct, due to the small opening angle in φ → K+K− in the hadronic environment; η′KS is
challenging since neutral particles are involved in the η′ decay chain; for KSKSKS meanwhile, there
are no charged tracks originating from the B vertex, and so both triggering and reconstruction seem
highly complicated. Modes containing KL mesons in the final state may be considered impossible
to study at a hadron machine. Thus, these modes point to a Super B Factory, with integrated
luminosity of at least 50 ab−1.
B. A class of inclusive hadronic B decays as null tests of the SM
Ref. [33] shows that the SM CKM paradigm predicts completely negligible partial width differ-
ences (PWDs) in B± →M0(M¯0)X±s+d where M0 has energy close to mb/2 (i.e. is in the end-point
region [34]), and is either 1) an eigenstate of s ↔ d switching symmetry, e.g. KS , KL, η′ or any
charmonium state, or 2)M0 and M¯0 are related by the s↔ d transformation, e.g. K0, K¯∗0, D0. In
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these precision tests the PWD suffers from double suppression, i.e. O(λ2) suppression comes from
CKM-unitarity, and U-spin symmetry of QCD causes an additional suppression which is naively
expected to be O(ms/ΛQCD). Briefly this can be understood as follows. Recall that CKM unitarity
allows us to write the ∆S = 1 decay width as
Γ(B− →M0X−s ) = |λ(s)c Asc + λ(s)u Asu|2, (2.1)
where Asu,c denote the terms in the amplitude proportional to corresponding CKM matrix elements
λ
(s)
c = VcbV
∗
cs ∼ λ2 and λ(s)u = VubV ∗us ∼ λ4 (with λ = sin θc = 0.22), the corresponding ∆S = 1
PWD is
∆Γs = Γ(B− →M0X−s )− Γ(B+ →M0X+s ) (2.2)
= −4Jℑ[AscAs∗u ], (2.3)
with J = ℑ[λ(s)c λ(s)∗u ] = −ℑ[λ(d)c λ(d)∗u ], the Jarlskog invariant. Note that Asu,c are complex due to
strong phases. Similarly for the λ2 suppressed ∆S = 0 decay
∆Γd = Γ(B− →M0X−d )− Γ(B+ →M0X+d ) (2.4)
= 4Jℑ[AdcAd∗u ]. (2.5)
The transformation s↔ d exchanges Xs and Xd final states, while it has no effect on B± and M0
states. In the limit of exact U-spin thus Asu,c = A
d
u,c, giving a vanishing PWD in flavour untagged
inclusive decay [33, 35, 36, 37]
∆Γs+d = ∆Γs +∆Γd = −4Jℑ[AscAs∗u −AdcAd∗u ] = 0. (2.6)
To the extent that U-spin is a valid symmetry of strong interactions the observable ∆Γs+d consti-
tutes a null test of SM. Quite generally the breaking can be parameterised
∆Γs+d ≡ δs↔d∆Γs, (2.7)
leading to an expectation for the CP asymmetry of the decay into untagged light flavour [33]
As+dCP =
∆Γs +∆Γd
Γ¯s+d + Γs+d
∼ δs↔dλ2, (2.8)
where in the last relation use of the facts that ∆Γd ∼ ∆Γs ∼ λ2Γs and ∆Γd ∼ Γd have been
made. The size of the U-spin breaking parameter δs↔d is channel dependent with an order of
magnitude expectation δs↔d ∼ ms/ΛQCD ∼ 0.3. Similarly, the size of the ∆S = 1 CP asymmetry
∆Γs/(Γs+Γ¯s) ≃ 2(J/λ(s)2c )ℑ[A(s)u /A(s)c ] depends on the decay channel through the ratio of the two
amplitudes. The sizes of the asymmetries, As+dCP , for choices of M0 such as D0 + D¯0, η′, K0 + K¯0,
are found to be well below 1% [33, 34].
Note that with respect to the direct CP asymmetry in final states containing η′ mesons, this
approach [33] represents a considerable theoretical improvement over the semi-inclusive test with
Xs final state that existed in the literature [38].
Since these tests apply to inclusive final states, certain experimental considerations are necessary.
Although the branching fractions to inclusive final states can be large, it may be difficult to perform
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the reconstruction with high efficiency. Broadly, two strategies are available: 1) semi-inclusive, and
2) fully inclusive.
In semi-inclusive analysis, (sometimes also referred to as “pseudo-reconstruction”) the inclusive
state is approximated by a sum of exclusive modes. Generally, only the modes with relatively low
multiplicities, and low numbers of neutral final state particles, are reconstructable. Therefore, only
a fraction of the inclusive state can be included, and knowledge of that fraction requires theoretical
input (on the fragmentation of the Xs,d system). For the semi-inclusive reconstruction of Xs,d, we
have to take into account that the reconstructed fraction of the Xs system (fs) will differ from that
for the Xd (fd). This results in the following modification to Eq. 2.6:
∆Γs+d
∣∣∣
meas
= fs∆Γ
s + fd∆Γ
d = (fs − fd)∆Γs + fd∆Γs+d, (2.9)
and hence a nonzero PWD can be induced even with exact U-spin symmetry. In case fs and fd
are much below unity, the associated uncertainty may be hard to quantify, since these quantities
depend on the fragmentation of the Xs,d system. Similar modifications are necessary to the direct
CP asymmetry of Eq. 2.8. This is a limitation of semi-inclusive analyses.
The semi-inclusive strategy does hold the advantage that it may be attempted at any facility
producing B mesons. Furthermore, backgrounds may not be too large, at least for some of the
exclusive modes being summed, and background from neutral B decays should be small. However,
as the multiplicity increases, so does the background, and it may be the case, in a hadronic environ-
ment, that a purely exclusive approach is preferable – the larger associated theoretical uncertainty
notwithstanding.
The semi-inclusive approach has successfully been used in a number of analyses to date [39, 40,
41]. By contrast, the fully inclusive analysis suffers from much larger backgrounds, including those
from other B decays. The strategy in this case would be to require a high momentum M0, and
then make vetoes and cuts to attempt to reduce the background. Due to difficulties controlling the
background, this technique has in the past had limited (though notable) success [42, 43].
The possibility of the Super B Factory opens the door for an alternative approach: that of fully
inclusive analysis on the recoil. This technique takes advantage of the e+e− → Υ(4S) → B+B−
production chain. One charged B is reconstructed, typically in a hadronic decay mode such as
B− → D0π−, and then M0 is searched for in the remainder of the event. One can then reconstruct
the four-momentum of the Xs,d system, and make additional selections if necessary, for example
to remove decays containing open charm. This approach reduces the background to an essentially
negligible level, but carries a high price in terms of efficiency. At present, the B factories achieve
efficiencies of O(10−3) to reconstruct one B meson in a hadronic decay mode, and slightly higher
if semileptonic decays are also included. Taking as an example M0 = η′, assuming a 10% efficiency
for η′ reconstruction and taking B(B+ → η′X+s,d) ∼ 5× 10−4 [44], we find that in order to reach a
sensitivity to As+dCP of 1%, more than 1012 BB¯ pairs are necessary. Therefore, a Super B Factory
with luminosity in excess of 1036cm−2s−1 would be needed.
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C. Direct CP asymmetry in inclusive radiative B decays
Let us now briefly mention some other inclusive decays that provide very important null tests
of the SM: namely ACP (B → Xs(d)γ). These have been theoretically studied and emphasized
for a very long time and their predictions in the SM are rather well-established, namely around
0.5% for Xs and around −10% for Xd [35, 45, 46, 47]. Experimentally, BaBar [48] have measured
ACP (B → Xsγ) = 0.025 ± 0.050 ± 0.015 using 89 × 106 BB¯ pairs, while Belle [49] have measured
ACP (B → Xsγ) = 0.002 ± 0.050 ± 0.030 using 152 × 106 BB¯ pairs. Both analyses reconstruct Xs
from a sum of exclusive states. The first errors are statistical and the second systematic. Taking
the theoretical uncertainty to be 0.2% [47], we see that approximately 350 times more data, i.e.
around 1011 BB¯ pairs, will be necessary to drive the experimental errors down to this level. Note
that this simple extrapolation assumes that systematic errors can also be reduced, and neglects
uncertanties due to the hadronization of the Xs system.
The branching fraction of B → Xdγ is lower by about a factor of 20, compared to B → Xsγ,
however the expected asymmetry is much bigger (by the same factor). Therefore, in principle the
measurement of this asymmetry may become accessible with a comparable amount of data to the
Xs case. However, in this case, the B → Xsγ decays provide a background to the B → Xdγ signal,
which complicates the analysis. Since such measurements have not yet been attempted, it is not
possible to quantify the effect on the sensitivity. However, it is reasonable to assume that studies
of b→ dγ transitions will be statistics limited even with Super B Factory luminosities.
Following from this, let us in passing mention that the SM makes an even cleaner prediction
that the sum of the partial width differences in B → Xsγ and B → Xdγ should vanish [35, 47].
This prediction is exact in the U-spin limit (ms = md), and corrections to it are expected to
be very small [47]. In particular, in the end-point region, the flavour-breaking is suppressed and
is O(msΛQCD/m
2
b) [50]. This therefore provides a very interesting null result. Since both Xsγ
and Xdγ decays can now be treated as signal, the above experimental problems no longer arise,
therefore this measurement is considerably simpler. A first measurement of this inclusive direct CP
asymmetry has been made by BaBar [43], who measure ACP (B → Xs+dγ) = −0.11 ± 0.12 ± 0.02
based on 89× 106 BB¯ pairs and using a fully inclusive analysis, with a requirement that the decay
of the other B in the event contains a high momentum lepton to reduce background. Taking the
theoretical uncertainty to be 0.2% in this case, we see that if the uncertainty scales with luminosity,
it will take over 1011 BB¯ pairs to reach the level of the theory error. It will be interesting to see if
refinements in the analysis techniques can lead to faster reductions in the experimental uncertainty.
We note that, as before, inclusive measurements can not be performed in a hadronic environment,
and therefore require a Super B Factory.
D. Direct CP asymmetries in B → Xs(d)l
+
l
−
Since we have discussed radiative B decays, it is worthwhile to also mention the case where the
photon is replaced with a dilepton pair. Again, this reaction has been intensively studied for a very
long time and, as in the case of real photons, the branching fractions and the direct CP asymmetries
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are of great interest for testing the SM and for searching for New Physics [51]. In addition, in this
case the forward-backward asymmetry is a very clean and sensitive observable [52, 53]. The forward-
backward asymmetry is defined by AFB ≡ NF−NBNF+NB , where NF(B) is the number of decays with the B
meson moving in the forward (backward) hemisphere with respect to the direction of motion of the
positively charged lepton in the rest frame of the dilepton pair. The unique feature of AFB is that
in the SM, as a function of the dilepton invariant mass (s0), it vanishes around s0 = 0.14 GeV
2
whereas in extensions of the SM the location of this zero can be quite different and in some models
may not even exist. Since this s0 represents a small region of the total available kinematic range
(≈ 20 GeV2) and the total branching ratio in the SM is around 5 × 10−6, detailed measurments
of AFB will require >∼ 1010 B pairs, i.e. a Super B Factory [54].
To date, studies of the inclusive b → sl+l− transition have yielded only branching fraction
measurements [39, 40], and a first measurement of the direct CP asymmetry, ACP = −0.22 ±
0.26± 0.02 from BaBar, based on 89× 106 BB¯ pairs and using a semi-inclusive analysis [39]. This
can be compared to the SM prediction of (−0.2 ± 0.2)%, and therefore this measurement will be
statistics limited even with 1012 BB¯ pairs, unless improvements to the analysis can be achieved.
No measurements exist of b→ dl+l−, but as for b→ dγ, we may expect that useful measurements
can be carried out with a similar amount of data as the b → s case. Since the PWDs for Xsl+l−
and Xdl
+l− cancel, as before the combined CP asymmetry should be an extremely precise null
test, which only a Super B Factory can test.
The exclusive counterparts, especially those with K or K∗ replacing the hadronic Xs system,
are also interesting and allow somewhat easier experimental handles on the observables of interest:
branching ratios, direct CP violation and forward-backward asymmetries. Measurements of all
of these currently exist, albeit with large statistical errors [55, 56]. Unfortunately the theory
predictions for the exclusive modes are less clean. For all these radiative channels, we expect that
certain exclusive modes can be very well studied at a hadronic machine, but that the theoretically
clean inclusive analysis requires the environment of an e+e− Super B factory.
E. The isospin sum-rule
Recently, several studies [57, 58] have suggested that there may be signs of new physics in the
electroweak penguins (EWP) sector. Hadronic issues such as final state interactions can make this
completely non-trivial to decipher. Whether or not EWP are seeing NP may be easier to discuss
once we unambiguously establish the presence of EWP in hadronic modes. For this purpose a sum
rule was proposed [59, 60]
Σ (∆(πK)) ≡ 2∆(π0K+)−∆(π+K0)−∆(π−K+) + 2∆(π0K0) = 0 , (2.10)
from which a more convenient relation can easily be obtained
Σ (ACP (πK)) ≡ 2ACP (π0K+) B(pi
0K+)
B(pi−K+)
τ
B0
τ
B+
−ACP (π+K0) B(pi
+K0)
B(pi−K+)
τ
B0
τ
B+
−
ACP (π−K+) + 2ACP (π0K0) B(pi
0K0)
B(pi−K+) = 0 .
(2.11)
As before, ∆ represents the partial width difference, ACP the direct CP asymmetry and B the
(b and b¯ averaged) branching fraction. This sum rule is derived using isospin conservation. Since
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EWP do not respect isospin, their presence in the Kπ modes was expected to cause a violation of
the sum-rule. However, recently Gronau [60] has argued that possible violations due to SM EWP
are extremely small, making this a very precise test of the SM, with uncertainty much below 1%.
For other relevant recent discussions, see [61]. Note also that a similar sum rule for the decay rates
exists [62, 63].
The current experimental situation, including results presented at ICHEP 2006, is [5, 64]
ACP (π0K+) = 0.047 ± 0.026 , B(π0K+) = (12.8 ± 0.6) × 10−6 ,
ACP (π+K0) = 0.009 ± 0.025 , B(π+K0) = (23.1 ± 1.0) × 10−6 ,
ACP (π−K+) = −0.093 ± 0.015 , B(π−K+) = (19.7 ± 0.6) × 10−6 ,
ACP (π0K0) = −0.12 ± 0.11 , B(π0K0) = (10.0 ± 0.6) × 10−6 .
τ
B+
τ
B0
= 1.076 ± 0.008
(2.12)
So, neglecting correlations,
Σ (ACP (πK)) =
(2× (3.3± 1.8) − (1.1 ± 3.1)− (−9.3 ± 1.5) + 2× (−6± 6)) × 10−2 = (3± 8)× 10−2
(2.13)
The largest contribution to the uncertainty comes from the statistical error in the measurement
of ACP (π0K0). This is large because the reconstructed final state for this mode (π0KS) is a CP
eigenstate and contains no information about the flavour of the decaying B meson. This information
must therefore be obtained using flavour tagging, which in general can be performed with much
higher efficiency at an e+e− B factory than at a hadron collider. Furthermore, this mode will
be difficult to reconstruct in a hadronic environment, and time-dependent studies, which are used
by the B factories to optimize the sensitivity, are impossible since the vertex location cannot be
reconstructed.
As mentioned, the above values neglect correlations between systematic effects in the various
ACP measurements. This is a rather crude treatment, though not unreasonable while statistical
errors dominate. In future, more precise results for the sum rule should be provided directly by the
experiments, since systematic correlations can easily be taken into account in the analyses.
Within the Standard Model, the sum rule should hold to at least an order of magnitude below
the current experimental error. Precise tests of this relation can only be achieved with a Super B
Factory.
F. Direct CP in pi+pi0
Since π+π0 is an I = 2 final state it cannot receive any contribution from QCD penguins as they
carry ∆I = 0 and therefore can only contribute to an I = 1/2 final state in B+ decays. Thus this
final state can only receive contributions from trees and EWP. Consequently the SM can only give
rise to extremely small direct CP asymmetry in any such I = 2 final state. Explicit calculations
show that while FSI cause the asymmetry to increase substantially from purely short distance
expectations of around 5 × 10−5, the resulting asymmetry −0.009+0.002
−0.001 [19] stays below a few
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percent. Moreover, there are arguments that any such asymmetry should be orders of magnitude
smaller than this [65]. A significantly larger asymmetry would be a strong signal of NP.
The current average of the B factory results is ACP (B+ → π+π0) = 0.04 ± 0.05 [5]. Therefore,
it is expected that the experimental precision of these results will approach the level of theoretical
uncertainty at the end of the current generation of B factory experiments. This should motivate
further theoretical studies of this channel.
G. Time-dependent CP asymmetries in exclusive radiative B decays
In 1997 an important test [66] of the SM was proposed which used (mixing-induced) time-
dependent CP violation (TDCP) in exclusive modes such as B0 → K∗γ and B0 → ργ. This is
based on the simple observation that, in the SM, photons produced in radiative B0 decays are
predominantly right-handed whereas those in B¯0 decays are predominantly left-handed. To the
extent that the final states of B0 and B¯0 decays are different, TDCP would be suppressed in the
SM. Recall, the leading order effective Hamiltonian, for q = s, d, can be written as
Heff = −
√
8GF
emb
16π2
Fµν
[
F qL qσ
µν 1 + γ5
2
b+ F qR qσ
µν 1− γ5
2
b
]
+ h.c. (2.14)
Here F qL (F
q
R) corresponds to the amplitude for the emission of left (right) handed photons in the
bR → qLγL (bL → qRγR) decay, i.e. in the B¯ → F¯ γL (B¯ → F¯ γR) decay. Based on the SM
leading order Heff in b quark decay (i.e. B¯ decays), the amplitude for producing wrong helicity
(RH) photons ∝ F qR/F qL ∝ mq/mb, where mq = ms(md) for b→ sγ(b → dγ). Consequently, time-
dependent CP asymmetries, which occur when the final state is accessible to both B and B¯, are
suppressed by ≈ mq/mb. More detailed treatments, including effects of QCD corrections, give the
level of suppression as ΛQCD/mb [67, 68]. The most recent calculations show that the asymmetry
is indeed small in the Standard Model: a perturbative QCD calculation gives (−3.5 ± 1.7)% [69]
while a QCD factorization based approach gives (−2.2± 1.5+0.0−1.0)% [70].
Interestingly, emission of wrong-helicity photons from B decays is not suppressed in many ex-
tensions of the SM. For example, in Left-Right Symmetric models (LRSM), SUSY [71, 72, 73]
or Randall-Sundrum (warped extra dimension [74]) models, in fact they can be enhanced by the
ratio mheavy/mb where mheavy is the mass of the virtual fermion in the penguin-loop. In LRSM
as well as some other extensions this enhancement can be around mt/mb. So while in the SM the
asymmetries are expected to be very small, they can be sizeable in LRSM [66] as well as in many
other models.
An important generalization was made in Ref. [75]. It was shown that the basic validity of this
test of the SM does not require the final state to consist of a spin one meson (a resonance such
as K∗ or ρ) in addition to a photon. In fact the hadronic final states can equally well be two
mesons; e.g. KS(π
0, η′, η, φ...) or π+π−. Inclusion of these non-resonant final states, in addition
to the resonances clearly enhances the sensitivity of the test considerably. For the case when the
two mesons are antiparticles, e.g. π+π− the angular distribution must be studied. Although this
analysis is more complicated, the outcome is that both the magnitude and the weak phase of any
new physics contribution may be determined [75].
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In principle, photon emission from the initial light-quark is a non-perturbative, long-distance,
contamination to the interesting signal of the short-distance dipole emission from Heff [76, 77].
Fortunately, it can be shown [75] that predominantly these LD photons have the same helicity
as those from Heff . Another important source of SM contamination was recently emphasized in
Ref. [67] from processes such as b→ sγ+ gluon which are from non-dipole operators. Such processes
do not fix the helicity of the photon and so can make a non-vanishing SM contribution to mixing
induced CP .
It was emphasized in Ref. [75] that the presence of such non-dipole contributions can be separated
from the dipole contributions. Although it requires a larger amount of data, the resolution to this
problem is data driven. To briefly recapitulate, the different operator structure in Heff would mean,
that in contrast to the pure dipole case, the time-dependent CP asymmetry (S) would be a function
of the phase space (often a Dalitz plot) of the final state. Thus, the contamination from non-dipole
terms in Heff may be subtracted by fitting the experimental data on S to a suitable parametrization
of the phase space dependence. Note also that a difference in the values of S for two resonances of
identical JPC could also indicate the presence of non-dipole contributions.
To date, experimental results exist only for the decay B0 → KSπ0γ [78, 79]. The average is
SKSpi0γ = −0.28 ± 0.26 [5]. Similar to the hadronic penguin modes, above 5 × 1010 BB¯ pairs are
required to reduce the uncertainty to the few percent level necessary for this ANT. Larger data
samples would be necessary for precise studies of the Dalitz plot dependence of the CP asymmetry.
As is the case for B0 → KSπ0, this measurement can only be achieved at an e+e− B factory, where
the B decay vertex can be reconstructed using knowledge of the interaction region. For other
related radiative b→ s decay channels, such as B0 → KSη(′)γ and B0 → KSφγ [80], the statistics
are not yet sufficient to allow time-dependent analyses. These modes would, however, be accessible
at a Super B Factory. Similarly, analyses on radiative b→ d decays, such as the recently observed
B0 → ργ and B0 → ωγ [81, 82] would also become feasible – these are likely to remain statistics
limited even with very high luminosities. Some of the above modes (those with tracks originating
from the B decay vertex) can also be studied in a hadronic environment, where the production of
Bs mesons will also facilitate the time-dependent study of Bs → φγ.
H. Transverse τ polarization in semileptonic decays
Precise measurements of rates and asymmetries in semileptonic B decays can provide clean tests
of the Standard Model. In particular, decays with τ mesons are useful to probe the Higgs sector,
and have not yet been well studied. A non-vanishing value of the CP -odd transverse polarization,
ptl , of charged leptons in semileptonic decays is a clean test of the SM [8, 83, 84]. This observable
is odd under naive time reversal symmetry (TN ) [8], and as such (due to the CPT theorem) does
not require a strong phase. Thus it can arise from tree graphs in BSM scenarios e.g. if charged
Higgs particles carry non-standard phase(s). Note that, in principle, non-vanishing ptl can arise
from CP -even final state interactions. Therefore, for < ptl > 6= 0 to be a genuine CP -odd signal, a
comparison of positive and negative charged leptons is necessary.
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The above argument applies to any semileptonic decay, and, for example, is of interest to search
for CP violation in top quark decays [8]. Note also that searches for transverse muon polarization
in kaon decays have been performed [85]. Any charged lepton (e, µ or τ) can be used for such
searches, though here for practical reasons we focus on the τ , whose decays serve as self-analyzers
of its polarization. Measurement of muon and electron polarization is impractical at any existing
or planned B facility. Besides, in many BSM scenarios with an extended Higgs sector the Higgs
couplings to τ tend to be much bigger than to the other charged leptons. Specifically, one may use
[ptτ ≡ Sτ p˙τ × pX ]/[|pτ × pX |]. Here, Sτ and pτ are the spin and momenta of the τ and pX is the
momentum of the final state hadron.
The experimental detection of ptτ via decay correlations in τ decays is highly challenging. Only
one similar analysis has yet been performed at the B factories – a search for the τ electric dipole
moment by Belle [86]. Semitauonic B decays result in at least two neutrinos in the final state, and
are therefore best studied using kinematic constraints from the reconstruction (in a hadronic final
state) of the other B in the event. Previous studies [54] have shown that rates and distributions for
B → Dτν can be studied with O(1010 BB¯) pairs produced at an e+e− B factory. Clearly, energy
or rate asymmetries in these semileptonic decays should also be studied. However, one expects that
in a charged Higgs scenario the transverse polarization asymmetry will be considerably bigger [87].
Since the sensitivity to this observable is smaller, higher luminosities will be required to make the
necessary precise studies. This then calls for a Super B Factory.
As mentioned before, the study of transverse polarization in semileptonic decays is also a very
important test for use in top decays (say): t → bτν. At the LHC this should be a very sensitive
test for searching for CP -odd phase from a charged Higgs exchange [8, 83]. Although the study of
semileptonic B decay at the LHC looks challenging, these processes need to be carefully studied.
III. SUMMARY
The B factories have performed superbly and have improved our understanding of CP violation
phenomena remarkably. The CKM paradigm of CP violation has been confirmed as the dominant
source of the observed CP violation. Beyond the SM CP -odd phase(s) are likely to cause small
perturbation in B physics. Null tests of the SM may be very useful to search for small effects;
indeed, the stricter the null tests the better it is.
We have presented a brief discussion of several important null tests. The effective search for
many of these (see Table II for an illustrative sample of the many clean ANTs) will require the very
large samples of clean B mesons that can only be produced at an e+e− based Super B Factory. In
fact, some of these ANTs will remain statistics limited even with Super B Factory statistics. The
key point is that by pushing as close as possible to the SM theoretical error, these measurements
will provide effective searches for NP effects. In this paper we have examined only a fraction of the
ANTs which may provide sensitive tests of the Standard Model. In addition to those discussed,
there is also the possibility to search for new flavour changing neutral currents in both the lepton
(e.g. τ → µγ, τ → µµµ, etc.) and quark (e.g. b → ssd¯, b → dds¯ [88]) sectors. Once NP has been
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Observable SM expectation Current expt. uncertainty BB¯ pairs needed
(BB¯ pairs used)
∆S[η′K0, φK0,K0K¯0K0, . . .] ∼ (0± 2)% 20% (6× 108) 5× 1010
As+dCP [M0Xs+d] <∼ 0.1% — > 1012
ACP [Xsγ] (0.5 ± 0.2)% 4% (2.4× 108) 1011
ACP [Xdγ] (−10± 5)% — 1011
ACP [Xs+dγ] (0.000 ± 0.001)% 12% (108) > 1012
ACP [Xsl+l−] (−0.2± 0.2)% 26% (108) 1012
ACP [Xdl+l−] (4± 4)% — 1012
ACP [X(s,d)l+l−] — > 1012
Σ (ACP (πK)) (0± 1)% 15% (6× 108) > 1011
ACP (π
+π0) <∼ 1% 6% (6× 108) 1010
S[KSπ
0γ, . . .] ∼ (0± 5)% 28% (6× 108) > 1010
< pτt > (D(Xc)τντ ) 0 — > 10
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TABLE II: Illustrative sample of approximate null tests (ANTs), with rough SM expectations and
theory errors, current experimental uncertainties and estimates of numbers of B mesons needed for
a Super B Factory to approach the SM uncertainty. More details for each mode can be found in
the text.
discovered, diagnosis of its origin will require the correlated study of many such observables, as
well as those from other experiments [54].
While we have concentrated on the ANTs that are best examined at a Super B Factory, there
are several excellent tests of the Standard Model that will be put under the microscope at the
LHCb experiment in coming years. These include one particularly noteworthy ANT: the search for
sizeable CP violation in the B0s − B¯0s mixing phase φs, measured using B0s → J/ψφ. The results
from LHCb will be extremely important to test the Standard Model. However, a Super B Factory
is necessary to fully exploit the sensitivity to new physics of flavour parameters.
A global effort to build the optimum Super B Factory machine therefore appears very timely
and worthwhile. At present, different accelerator schemes are under consideration [89]. Here, we
will not discuss the relative merits of these. Either machine would be suitable for the purpose
of studying the channels discussed in this paper, so long as the luminosity is high enough, the
environment is clean enough, and the experiment takes place soon enough!
The International Super B Factory will be highly relevant in the LHC era. It will enable tests
of the Standard Model that are wholly complementary to those performed at the energy frontier.
Indeed, the many precise measurements which can be carried out at the International Super B
Factory therefore should significantly extend the reach of the LHC.
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